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1.3

ByRichardE.Walters

STmMARY

Testswereconductedonmodelshaving450sweptbackwingswith
varyingdegreesof flexibilityto determinetheeffectivelift-curve
slopesinorderto evaluatetheuseftilnessof a generalmethodforthe
predictionoftheeffectiveliftratioby a comparisonof thepredicted
valueswiththetestresults.Testsweremadewiththreeaspect-ratio-6.O

8 taper-ratio-o.6wingshavingk5°.sweepbacko:theq.uar.ter-qhord.l~e and
NACA65AO09stresmwiseairfoilsections.TheMachnmber rangecovered
wasfromO.8to 1.3. ~,i&+-. 9’4*?-4 .,

Curvesofthelift-curveslopeandpitchdampingarepresented.The
‘ffecti’e“ ratio cklJ%r & determinedfromtheexperimental

resultsandfroma representativemethodo-fpredictionis shown,as q
functionof theloadflexibilitypmmmeter$W&r/&. forpurpos-.ofcom-

parison.A compsri.sonis alsomadeof theeffat.~f&ifeirent..assmed
$&loaddistributionsandof differentassumedcentersof~ ‘ssureonthe

predictedeffectiveliftratio.

Theresultsof thetestsshowedthatthesemethodspredictedvalues
of theeffectivelift-sloperatiowhichwerewithin~ percentof the
experimentalvalues.

INTRODlJ2TION

Withtheincreaseduseofthin,sweptback
. theproblemof elasticdeformationhasassumed

s *.......–..#

wingsofhighaspectratio,
primarysignificance.The

.-
.
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aerodynamiccharacteristicsofthewingcanno longerbe consideredinde-
pendentlyof thestructuraldeflectionssincetheeffectofwingbending
andtorsiononthesectionalsngleof attackhasbecomeappreciable. .

Therehavebeenmanyandvsriedattemptstopredictandevaluate
thechangeintheliftingeffectivenessof a sweptbackwingasthewing
is allowedto deflectunderload(forexample,refs.1 to 3). Themetmd
of reference1 isthemostgeneralinnatureandallowstheapplication
of bothsrbitraryloaddistributionsandwingconstructionto theproblem.
Immostapproaches,however,ithasbeennecessaryto compromiseeither
thestructuralor aerodynamicaspectsinorderto obtaina solution.
(Seerefs.2 and3.) Thepurposeofthispaperisto comparethegeneral
methodssuggestedforthesolutionwiththeexperimentalresultsof flight
testsof a representativesweptbackwingofvaryingdegreesof flexibility.

—

—

h thefollowingaualysisthedeformationofthestructureis —
expressedintermsof a setof experimentallydeterminedstructural
influencecoefficients.Differenttypesof loaddistributionssreassumed
andappliedto theinfluencecoefficientsinorderto determinethepre-
dictedeffectivelift.Thereme threecomparisonstobe made: first,

—

thatbetweenthepredictedvaluesoftheeffectiveliftandtheexperi-
mentalresults;second,thatbetweenvaluespredictedby assumingdif-
ferentloaddistributionsinthecalculations;andthirdly,thatbetween
valuespredictedby assumingdifferentcenter-of-pressurepositions.

●
.

Theexperimentalresultsweredeterminedfromflighttestsofthree
rocket-poweredmodelswiththesapewf&~~>anformsbutvarydngdegrees
of wingflexibility.Thewingswereof aspectratio6.oandtaper .

ratio0.6jsmdhadNACA6~AOO$Jfree-stresmairfoilsections.Thev=ia~”
tioninwingflexibilitywasdueto thedifferencesinthewinginlays
whichwere0.064-inchI.nconel,0.032-tichlnconel,and0.064-inch
24S-Talumdnumalloy.*;: .*

‘e Mach’’a-r-e Co=redwasapproxqy 0.8to 1.3 andthe
Reynoldsnumberrangewas3.0x 106to 8.ox 10 basedonwingmeanaerQ-
dynsmicchord.ThemodelswereflownattheLsngleyPilotlessAircraft _
ResearchStationatWallopsIslsnd,Va.

smLs
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meanaerodynamicchord

liftcoefficient,

Ilft.curveslope,

effectivelift-curveslopeof flexiblewing

rigid-winglift-curveslope

sectionlift-cme slope

pitching-momentcoefficient,~
qsE

&m ,%damping-in-pitchcoefficient,— —
@ ~ &

2V

accelerationdueto gravity,32.2ft/sec2

stiffnesspsmmeter,L
(e/L)ref

lift,lb

pitchingmoment,ft-lb

normalforce,lb

~Oti,lb

dynsmicpressure,lb/sqft

bodyradialcoortiate,in.

sreaofreferencepanel,sqft

wingarea,sqft

perradian
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T torque,in-lb

w weightofreferencepanel,lb

w totalconfigurationweight,lb

x longitudinalbodycoordinate,

Y spanwisecoordinatenormalto

a angleof attack,deg

NACARML54B16

.

--

.—

in.

fuselagecenterline

z localangleof attackofflexiblewing,deg —

ag localangleof attackofrigidwZ, deg

as changeinangleof attackcausedbywingdeflection

a= lda— —, radianspersecond
57.3dt

e angleofpitch,radians;angleofrotationofreference
chord,deg .

6+$, radianspersecond ..-

0/L rotationofreferencechorddueto a unitconcentrated
loadappliedatreferencest~tion

e distemcebetweenloadingsxissndassumedcenter-of-pressure
sxis,fractionof chord

@p structuralinfluencecoefficientsforangle-of-attackchange
dueto unitconcentratedloadsappliedalongreference
axis,deg/lb

#T structuralinfluence
dueto unittorque
deg/ft-lb

{1 columnmatrix

[A

—
squsrematrix

coefficientsfor
appliedps$allel

—

angle-of-attackchange
to freestreem, ___ .—
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diagonalmatrix

disgonalmatrixwithnonzeroelementsequalto 1

squarematrixwithau elementsequalto 1

rowmatrixwithallelementsequalto 1

MODELSANDTESTS

Models

A sketchof themodelstestedshowing
presentedinfigure1. Photographsof th=

5

thepertinentdimensionsis
modelsareshowninfigure2.

Thefuselagewasa curvedbodyofrevolutionwitha maximumdiameterof
6.77inchesanda finenessratioof 10. Thefuselageordinatesaregiven
intable1.

. Thethreemodelstestedwereof similsrconstructionexceptforthe
metalinlaysinthewings.Thewinggeometrywasas follows:aspect
ratio6.0,taperratio0.6,free-streamairfoilsectionNACA65Ao09,and. 45°angleof sweepof thequsrter-chordline. Thewingconstruction
showingtheinlaysispresentedin f@e 3(a). Thedifferentinlays
withthetirespective0/L valueswereas follows:0.06&tich-thick
Inconelformodel1,with e/L of -0.0075degreesperpound;0.032-inch-
thickInconelformodel2,with e/L of -0.0112degreesperpound;and
0.064-inch-thick24 S-Taluminumalloyformodel3,with E1/Lof
-0.0224degreeperpound.

Directionalstabilitywasobtainedforthemodelsby theuseoftwo
verticaltailsof 24S-Tal.winnn.Thetailplanformmaybe seenin
thesketchof figure1.

Themodelswereequippedwithfour-chszmeltelemeterswhichprovided
measurementsofnormalandlongitudinalacceleration,totalpressure,and
angleof attack.

Duringthecoastingportionoftheflightsthenmdelsweredisturbed
inpitchby successimfiringof eightpulserockets.Thesepulserockets
werelocatedinthefuselageingroupsoffourtiththeirlinesof thrust

. perpendiculartotheplaneof the-s. (Seefig.1.) Thetotalimptie

.
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of thepulserocketsusedwasabout6.1pound-secondsandthetlmmst-
ttiecurveisapprgxi.mately120sin39.3tpound fromzerotimeto
0.08second.

TESTS

Structuralinfluencecoefficientsweremeasuredontestpanelswhich
reproducedthewingstructureas closelyaswaspossible.Theinfluence
coefficients@p fortheangle-of-attackchsngeweredeterminedfor
loadingsonthe25-percent-chordline,whichwill.bereferredtohere-

—

afterasthereferencesxisad forloadingsonthe~-percent-chord
line. A linesrvariationbetweenthee~erimentalinfluencecoefficients
obtainedalongthe25-sndn-percent-chord-lineswasassumedandthe
torsionalcoefficients% werethencalculatedonthisbasis.Figure4
showsthevaluesofthesecoefficientsfornmdel3,the
oftheseries.

Themodelswerelaunchedatapproximately70°from
by meansof a raillauncher(fig.5). ModelPropulsion

mostflexible

thehorizontal
consistedof a

65-inchKWARrocketmotorasa boosterwitha ~-tich rocketmotorsus-

tainer.Atmosphericdataweredeterminedbyradiosondeobservationsend
trajectoryandflightvelocityweremeasuredby anSCR-584radaranda
CWtipplerra* set,respectively.

Thevariations
numberareshownin

of dynamicpressure
figures6 and7.

sndReynoldsnumberwithMach

ANALYSIS

Inasmuchasthepurposeof thisanalysisisto compsretheresults
givenby existingmethofiforthepredictionoftheeffectofwingelas-
ticityupontherigid-winglift-curveslopewithexperimentalvalues,
itwouldbe wellto statetheprimarymethodswhichhavebeensuggested.

Theresretwogeneralapproachestotheproblemwhichmightbe
termedtheaerodynamicandthestructural.Intheaerodynamicapproach,
thestructuralaspectswe notusuallydevelopedindetailandtheir
effectsareaccountedforthroughassumeddeflectioncurveswhere-the
mainemphasisisplacedontheaerodynamicconsiderations.Conversely,
inthes’tructurslapproach,theaerodynamiccontributionisusuallyesti-
matedby useof striptheorywhich,in somecases,includesa so-called
tipcorrection,smdthestructureis investigatedindetail.

-
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If theequationrepresentingthecontributionof forcesandmoments
at onestationto thechangeinangleof attackat anotherstationis
writtenas’

as=%’+ %=’

it canbe seenthatthestructuralinfluenceismanifesteddirectly
throughtheinfluencecoefficients$$ and ~; sndtheaerodynamic,

throughtheloadingP andthemomentsrm ec. Therefore,thetwo
approachesmaybe discussedandappreciatedthroughan investigationof
thesesepsratequantities~ and ~ snd P and ec alongwiththeL-
individualeffectsupontheliftingeffectivenessof thewing.

AerodynamicApproach

Forthisinvestigation,thechangeinangleof attackcausedby the
actionof aerodynamicandinertialoadson a flexiblewhg structureis
consideredtobe thesumofthetorsionalsndbendingcontributionsof
theloaddistribution.Thetwistingeffectistheresultof theload
distributionhavinga center-of-pressureaxisdisplacedfromtherefer-
enceaxis.Thebendingof thewingalsoeffectivelycausesa rotation
of thefree-streamchordbecausethewingtentitobendandtwistnormal
to thereferencesxiswhichis sweptbackat ansngleto thefreestream.

Variousmethodshavebeensuggestedto approximatetheliftdistri-
butiononflexiblesweptbackwings.Someofthedistributionswhichhave
eitherbeenusedinthepreviousmethodsorappesrapplicableforuse
areas follows:Weissinger’ssimplifiedlifting-surfacetheory(refs.4
and5)andempiricalmethodsbasedonthistheoryor on lifting-ldne
theory(ref.6) forsubsonicspeeds;linearizedlifting-surfacetheory
(ref.2) forsupersonicspeeds;andstriptheorywitherwithouttip
correctionsforallspeeds,asusedinreference3 andthecalculations
of reference1.

Theeffectof thesedifferentassumedloaddistributionsonthe
effectivelift-curvesloperatio

C%l%
~ whichistheratioofthe

flexible-winglift-curveslopeto therigid-wingMft-curveslope,can
be determinedby evaluatingtheeffectiwliftproducedby thesedistri-
butionsin conjunctionwithexperimentallydeterminedinfluencecoeffi-
cients.Themostconvenientapproachb theproblemofrepresentingthe
deflectionsandrotationsof thewingstructureappearstobe intheform
of influencecoefficients.
thestructuraldeformation

Thismethodobviatestfierepresentationof
as a seriesof assmd deflectionmodes.

-% A

—
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Theuseof influencecoefficientsreducestheproblemtothesolu-
tionof a setof simultaneousequations;thisprocedureis facilitated
by matrixnotation.

StructuralApproach

Experimentallydeterminedinfluencecoefficientsarethemost&sir-
ablebutnaturallyassumethewingtobe availableforthenecesssry
tef3ting.Whenthisisnotthecase,thestructuralbehaviorof thewing
mustbe approximated.

Themostfrequentlyappliedapproximationisthatbasedon simple
besmtheorywherethewingisassumedtobe cantileveredatan “effective
root.”Theeffectiverootwasinitiallyconsideredtobe a lAnenormal
to theelasticsxispassingthroughtheintersectionoftheelasticaxis
andthefuselagechord.Theelasticaxisisusuallyconsideredtobe the
locusofthesectionshesrcenterswithoutconsiderationoftheeffect
of rootrestraint.

Thismethoddoesnotadequatelyrepresenttherigidityofthetri-
angularportionofthewingformedby thewingrootendtheeffective
root. A truerrepresentationisaffordediftheeffectiverootismoved

—

outbosrd.Therequiredsmountofmovementoftherootisuncertain,
inasmuchastheexactpositioncanusuallybe-determinedonlyby experi.
mentationorby a verydetailedanalysisof thewingstructure.A good

.-

approximationtothepositionoftheeffectiverootisthatformedby a
linenormalto theelasticaxispassingthroughtheintersectionof the
fuselagechordandthewingtrailingedge.

.
Thisconceptismorefully

explainedinreference7; however,theuseof influencecoefficients
makestheconsiderationoftheelasticaxisunnecessary.

Approachesassumingspecificdeflection..mrvesor thosewhich~e._
basedon geometricor structuralcriteriasrenotdiscussedtiasmuchas
thesewingsareso constructedasto fitthenecessaryassumptionsand,
consequently,areno longer“arbitrary”wings.

MethodUsedinthePresentPaper

Assumptions.-Forthemethodusedinthispaper,thefollowing
assumptionswe made:

(1)Thetotals.ngle-of-attackchangeduetowingflexibility~
isa resultofwingbendingandtorsion,andtheseeffectsmaybe sepa-
ratedandtreatedindividually.

w—--- ““-”-*
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(2)Forthepurposeof determiningtheloaddistribution,thewing
isdividedintoa numberofpanels.Thelift-curveslopeof thepanel
isassumedtobe thatof thechordatthepanelmidpoint.Theloadon
thepsnelisassumedtobe a concentratedloadactingattheintersection
of thepanelmidchordandthecenter-of-presswesxis. Thispointis
calleda loadingpoint.Figure3(b)showstheditisionof thewinginto
thereference-panelareasandthepositionsoftheloadingandmeasuring
stationsas assumedforthisanalysis.

(3)me center-of-Pressueaxisisassumedtobe at a constantper-
centofthechord.Thisassumptionismaintainedthroughouttheinvesti-
gation;however,a meansof treatingthosecasesinwhichthecenterof
pressureisnota constantpercentofthechordispresentedinthe
“Analysis”section.

(4)Aerodynamicinductioneffectsacenotconsideredafterthe
initialloaddistributionhasbeenassuned.Striptheoryisusedto
calculatetheliftcausedby a structuraldeformationsothatthechanges
inthelifton a referencestationdonotinfluencethelifton anyother
panel.

Developmentoftheaeroelasticequation.-Themethodpresentedhere
is similarto thatofreference1 smdis simplifiedby assumingconstant-
chordsegmentsandnotusingintegratingmatrices.Thebasicequation
forthecontributionoftheforcesandmomentsat onestationto the
changeinangleof attackatthessmeor anotherstationis

(1)

where P isthedistributedloadalongthewingspana?d T isthe
twistingmomentproducedby thedisplacementof P fromtheelasticaxis
or fromthereferenceaxisusedforthedeterminationof @p.

T = ecP

therefore,

%3= (@p+ ec~)P (2)

Sincethestructuralcharacteristicsofthewingarerepresentedas
influencecoefficients,theloadingP mustbe expressedina corre-
spondingform. If theinfluencecoefficientswe assumedknown.fora
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.

setofreferencestations,theeffectiveloadmustalsobe knownfor
—

thesestationswhichwe takenattheoddtenthsoftheexposedsemispan.
Accordingto assumption(2),theeffectiveloadon a panelcanbe assumed -
to actthrougha point;inthiscase,thepointisthereferencestation.
Simultaneousconsiderationsofalltheloadsactingon allthestations

—

resolvestheproblemintothefollowingsetof simtitaneousequations:

%50= ‘O($%+ ‘%)00 ‘PI(% + “@T)01+p3(@p+ ‘4T)03+ 1

‘5(#p+e+&)5+ “ “ “

as~=”po(@p+‘@&+ “ “ “

% =3 ‘o(f$+ecf$)n+ ● ● ●

as5=po(@p+e@T)50+ “ “ ● +p3(@p+e@T)53+ “ “ “

%7=Po(f%+%%)70+ . . .

%9 = ‘o(@p+ “@T)~ + “ “ “

I
I
+ (3)

I
I

d
Thestiscriptsof as referto thespanwisestation,intenthsof

theexposedsemispan,atwhichthechangeinangleofattackismeasured.
Thesubscriptof P referstotheexposedsemispanstation,alsoin .
tenthsatwhichtheloadisapplied.Thefirstsubscriptofthecombined
influencecoefficients(~ + ec~) refersto thespanwisestationatwhich

●

thechangeinangleof attackwasmeasuredandthesecondthatatwhich
theloadwasapplied.Forexample,(h+ =9k)53 ~ the equationfor
%5 meanstherotationofthechordismeasuredat station5 andisdue

6
to a loadappliedat station3. Theamountofrotat~oncontributedby
this10ad P3

Theabove
lationsmaybe

form

to as5 isequalinmagnitudeto P3($$-1-e+) 53.

setof simultaneousequationsanditssubsequentmanipu-
mostreadilyhandledby matrixnotation.

Theequations
become

leadingup

{1‘% =

. .

to equation(3) whenrewritteninmatrix

Thetwistingmoment~T}= m Tpl’

(4)

l/J L_lLJ
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Hence,

i-

Theload P on anyreference
minustheeffectofwinginertia

11

‘panel= ‘P~el -

panelequalsthelifton thepanel

where ~ iS in g units,smd

an=

Thelifton anelastically

L=2q

(5)

deformedwing

rib/2

(7)

is

(6)

do ~a

whichinmatrixnotationis

or

In

isused
plified

L=

equation(8)and

torepresentthe
subsonicUfting

[1 (8)2qC%LIjp] + {=}

o[1CZathefollowingderivation,thematrix —
c%

differenttypesof loadingdistributions(sim-
surfacetheory,etc.). Forstriptheory
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.

0

[1ct~
% [1=K: where K representsan overallreductionin lift. Ifthis .

factorisignored,a procedurewhichis justifiedto a certainextentat
supersonicspeeds,K is eq,, to one.

If equations(7) and (8) aresubstitutedintoequation(6),the
followingexpressionisobtained:

Forthepurposeof.thisderivation,thelastterminthisequation
is inan inconvenientform;thedesiredform,whichconsistsof a square
matrixmultipliedby a colummmatrixofthelocalangle-of-attackvalues,
canbe obtainedby a deviceusedinreference8,since

and

~} M = ~]

{}Thepreviousequationfor P canbe rewrittenas

whichbeCOmeS

-o1c2a
{}aCL

_%

.

.
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Theaeroelasticequationisthenobtaimedby substitutingthisexpression
for{P}intoequation(5);theresultingequationis

Structuralinfluencecoefficientsweredeterminedexperimentally.
Theratiobetweencorrespondinginfluencecoefficientsofthereference
wingandanotherwingof similsrconstructionandplanformisconstant
sndequaltothereferencet3/Lvaluesof eachwingwherethepsrameter
e/L refersto a rotationof thestreamwisechordat a referencestation
throughanangle Q dueto a concentratedload L appliedat thesame
or a secondreferencestation.Thisratiomaybe expressedas

k- e/L
= (g/L)reference

where (‘/L)referencerefersto the@ forwhichtheinfluencecoef-
ficientsweredetermined.Thisratiomaybe introducedintoequation(9)
as follows:

andsince,by definition,

thesolutionof theequationis

Equation(10)maybe solvedina numberofwayswithCrout’smethod
. reference9,probablythemostsuitablemethodformanualcomputing

machines.

.

of
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Ifthecenter
chord,thematrix

ofpressureislocatedata constantpercentof the

r~~ k%~ inequation(10)canbereplacedby

ep,][OJ ‘Ac , sndif,inaddition,striptheoryisusedwitha factorK

equalto 1,equation(10)becomes

{’3=p -q%+,]+ T%--q p]-2K][iJ-l”’p,}
(n)

Ifthetwistingeffectisneglectedthis
to

-

equationisfurthersimplified

1 -1

(ha)

andiftheinertiaeffectsareneglectedandthevaluese areassumed
constantalongthespan,equation(n) becomes

Theeffectivelift-curveslope
%

maybe definedas

IICL =—
ae qSag

~ isassumedconstantalongthespsn.where a

Equation(8)canbewrittenas

.

.
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sothattheeffectiveliftratiois

15

(13)

Theeffectsof substitutinga strip-theorydistributionfora more
exactdistribution,ofneglectingtheeffectofthetwistingcontribution,
andofneglectingtheeffectoftheinertiaforcessreinvestigatedin
theiJJustrativeexample.

ILLUSTRATIVEEXAMPLE

In orderto illustratethedifferencesintheeffectiveliftratio

I
‘L ‘L fordifferentassumedloaddistributionsandcenter-of-pressure
c%%

positions,theload-flexibilitypsrameterqCL k isassumedtobe suf-
%

ficientlylsrgeto causea lossof aboutfortypercentintheMting
. effectivenessofthewing.

Theexperimentalinfluencecoefficientsforthewingwiththe
. 0.064-inchaluminum-alloyinlayssxe

Measur~Stations Iaad3ngStations

o 1 3 5 -f 9
0

r

o 0 0 0 0 0
1 0 0 -0.0006 -0.0014 1-0.0024-0.0044

[%]
. 3

I

o 0 -0.0008 -0.0035 -0.0066

1

-0.0124 -es
3 00 -0.0015 -0.0345-0.0096-0.0196pma

7 0 0 -0.0012-0.0046-o.oI.06-0.0222

9 0 0 -0.Coll 4 .ookl -o.Olf)k-0.0224
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.
—

To o 0 0 0

0 0 0.0Q05 0.0012 0.O@l 0.0039

0 0 0.0008 0.0033 0.0063 0 .0U8

o 0 0.0016 0.0047 0.0099 0.0203

0 0 0.0014 0.0052 0.0121 0.0252

0 0 0 .oolk 0.0051 0.0131 0.0281— —

.

de~ees
foot-pound

Equation(10)issolvedby usinga rigid-wingliftdistributioncalc~ted _
fromreference5. Equation(11)whichutilizes striptheoryisalso
solvedandthedifferentresultssrecomparedto determinetheeffectof
theloaddistribution.

o[1%a
Theexpressionfor — accordingtoreference5 fora Mach

c%

numberof0.8is —
.

0[1c2a

%% =

—

0.842 0 0 0 0 0

0 0.922 0 0 0 0

0 0 1.061 0 0 0

0 0 0 1.155 0 0

0 0 0 0 1.160 0

0 0 0 0 0 0.9
—

.
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Forthiswingwith0.064-inchaluminun-all.oyinlays,theweightdistri-
butionisgivenby

r* *
0.0345 0.0345

[1o.Oml 0.0301
:=

0.0260 0.0260

0.0223 0.0223

0.0188 0.0188

(Thenumberdenoted
multiplyingelementsinthe

—

* * * *

0.0345 0.0345 0.0345 0.0345

0.o~l o.Oml o.Oml 0.0345

0.0260 0.02a 0.0260 0.02&)

0.0223 0.0223 0.0223 0.0223

0.0188 0.0188 0.018$ 0.0188
—

by anasteriskisunnecessarysincethe
influence-coefficientmatricesarezero.)

Thepertinentgeometricchsxacteristicsaregivenby

‘][0:0:52:23:,~:

[

0.976 0 0 0 0 0

0 0.912 0 0 0 0

0
El

o 0 0.843 0 0 0
c =

o 0 0 0.774 0 0

0 0 0 0 0.706 0

0 0 0 0 0 1
0.638

Theload-flexibilitypamneter ~qk iSass~d tobe lo~~ ~d the

rigid-wingangleof attack~ isassumedconstantat 1° alongthespan.
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Thecenter-of-pressuresxisisassumed
isthereferencesxis @p.

NACARM L54BI.6

.
atthe0.2~-chordline,which

Solutionofequation(10)usingtheabovevalues

antloaddistribution
{}
z. Substitutingthisvalue

C.L
yieldsa valueof ~ of0.646forthiscase.

.

yieldstheresult-

intoequation(13)

Changingtheloaddistributionfromthatofreference5 to a strip-

%theorydistribution,forthesameconditions,yieldsa valueof —

c%
of 0.652,a changeof lessthan1 -percentforthiscaseofheavywing
loading.

Ifthesecondexample,thatusingstriptheory,ischangedby
assumingthecenter-of-pressureaxistobe ontheO.~-chordlinerather
thanthe0.25-chordline,a comparisonmaybemadetodeterminetheeffect
of center-of-pressurepositionforthiscase. .

Changing onlythevalueof e inequation(10)andsolvingthe

resultingequationgivesa valueof %
.

of0.684or about3 percent
C%Xr

differencefromthepreviouscaseforthe0.25-chordloading.

RESULTSANDDISCUSSION

Figures8 and9 showtheresultsoftheflighttestsofthethree
models.Theprocedureusedinreducingthedatafromthetelemeter
recordsendradarobservationstothefinalformsaspresentedinthe
figuresisexplained<nreference~. .. .

—

h figure8 theexperimentalvaluesof .CL~ againstMachnumber

arepresented.Figurel.Oshowstheextrapolationof ~ ~ obtatithe
rigid-wingvalues.Figure9 showsthevariationof C%+ C

%
withMach

number,allmodelshavingthesamecenter-of-gxavitypositions.The
experimentalvaluesofthepitching-moment-curveslopeme notpresented

*—
—

—- —---3

,
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inthispaperbecausethemethodof determinationusedassumesa linesr
slopeofthepitching-momentangle-of-attackcurvethroughoutthetest
range.Previominvestigationshaveshownthepitching-momentangle-of-
attackcurveforthis~ tobe nonlinearat smaU positiveandnegative
valuesof theangleof attack.

Thecurveoftheeffective-liftratio C~~~ 43atistthe10ad-
flexibilityparameter%

qk is showninfigur’eU.. Heretheresults

of a strip-theorylosddistributioncalculatedby equations(n) smd(13)
of theenalysissectionhavebeenpresentedwithcenter-of-pressureposi-
tionsof0.25-percentandO.~-percentchord.If thesetwocenter-of-
pressurepositionssreassumedtobe theboundariesof theforwsrdand
resrwsrdcenter-of-pressuremovement,thenmostoftheexperimental
pointsfallwithinthesetwo13mits.Thosewhichfalloutsidethelimits
arepossiblyinerrordueto theexperimentalaccuracy,theinabilityto
extrapolateto theexactrigid-winglift-curveslopes,or a combination
of thetwocoupledwiththeacceptederrorarisingfromtheapproximate
methodsusedto calculatethelimits.

Theresultsof comparingtheeffectiveliftingcharacteristicsof
thissweptbackwingaspredictedby approximatemethodswiththeexperi-
mentalvaluesshouldnotbe acceptedforallsweptbackwingsunless
allowancessxemadefortheaspectratio.It isbelievedthattheresults
do showthattheseapproximateapproachesaresufficientto predictthe
flexible-winglift-curveslopeofwingshavingan aspectratioof 6 or
higher.ReferenceU showsthata shilarapproachwhichusesinfluence
coefficientsandstriptheorypredictstheelasticliftof a 45°swept-
backwingof aspectratio4 witha gooddegreeof accuracy.

Thedifferencesbetweenthevaluesobtainedby usingeitherstrip-
theoryor a moreexactapproximationfortherigid-wingliftdistribu-
tionsresma~, about1 percentwherethegreatestmeasuredlossin lift
wasrecorded.Inasmuchastherigid-winglift-curveslopecannotalways
be determinedwithanymoreaccuracy,itappesrsthatstriptheorywould
sufficeformostof thecasesencounteredinpractice.

Forthiswingof45°sweepbackandaspectratio6.o,thedataindi-
catethattheprimsrycontributionto thetwistof thewingisthatof
bendhg. Whenthecenterofpressureisassumedtobe thex-percent-
chordlineratherthanthe25-percent-chordlinethedifferenceisonly
3 percentfortheworstloadingcondition.Inpractice,it isunusual
iftherigid-winglift-curveslopeislmownto anybetteraccuracy.
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CONCLUDING~

Theresultsoftheflighttestsofthreesimilarmodelswithvarying
degreesofwingflexibilityhavebeenpresented.Theseexperimental
valuesofthelift-curveslopeshavebeencomparedwiththeresultscal-
culatedby a generalmethodforthepredictionoftheliftingeffective-
nessofflexiblesweptbackwings.Theeffectsof changesintheassumed
loaddistributionsandcentersofpressurehavebeeninvestigatedalso.

Theresultsofthecomparisonsindicatethattheeffectof changing
eithertheloaddistributionorthecenterofpressureissmall,about
1 percentand3 percent,respectively,forthecasesofrigid-winglift
distributionsinvestigatedintheillustrativeexample.

Thevaluesof theeffectivelift-sloperatioaspredictedby an
assumedstriptheoryloaddistributioncoupledwithexperimentallydeter-
minedstructuralinfluencecoefficientsshowgoodagreementwiththe
experimentalresults.Theagreementbetweenthepredictedandexperi-
mentalvaluesiswithintheaccuracywithwhichtherigid-winglift-curve
slopecanusuallybe determinedinpractice.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Va.,Februsry15,1954.
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TABLEI

EUDYCOORDINATES

x, h.

o
1.00
2.00

2::
8.00
12.00
16.W
20.00
22.00
22.75
24.00
28.00
32.00
%.00
40.00
44.00
48.00
52.00
56.00
60.00
64.00
66.70
67.70

NACARML54B16

.

.

r, in.

o
.342
.578
.964

1.2go
1.577
2.074
2.472
2.773
2.892
2.933
2.993
3.146
3.250
3.314
3.334
3.304
3.219
3.074
2.813
2.658
2.450
2.305
2.250
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FigurelJ___Ccmrparisonof experimentalresultsof effectivelift-slope
ratiowiththosepredlctedbyequations(U) and (13).


